Vibrational modes and their interactions affect numerous physical processes in condensed-matter systems. In the present work, hydrogen vibrations in Se-doped AlSb were investigated with first-principles calculations. Vibrational frequencies were calculated for the longitudinal, transverse, wag (bending), and stretch modes of the Al-H complex. The Al-H stretch mode interacts with a combination mode involving a wag overtone and transverse fundamental. This resonant interaction yields vibrational states that are linear superpositions of the stretch mode and the combination mode. The spatial extent of such excitations is significantly larger than that of a local vibrational mode.
Vibrational interactions in solids affect a range of physical phenomena, including diffusion, energy transfer, and defect stability. Such interactions determine the channels through which local vibrational modes (LVMs) decay into lattice phonons, a research topic that has attracted significant experimental [1] and theoretical [2] effort. Along with their fundamental importance to solid-state physics, vibrational processes have technological implications. At the Si=SiO 2 interface, under hot-electron excitation, Si-D bonds dissociate at a much lower rate than Si-H bonds [3] . The giant isotope effect was explained by strong coupling of the Si-D wag (bending) mode to lattice phonons, which results in efficient vibrational deexcitation [4] . Beyond semiconductors, interactions involving localized modes influence vibrational and thermodynamic processes in amorphous solids [5] , metals [6] , and polymers [7] .
This Letter addresses a vibrational interaction observed in AlSb doped with Se donors [8] . When AlSb:Se was annealed in hydrogen, electrically neutral donor-H complexes formed. The authors proposed a model in which H attaches to a host Al atom in an ''antibonding'' configuration ( Fig. 1 ), similar to donor-H complexes in GaAs [9] and Si [10] . The Al-H pairs give rise to a wag-mode fundamental (0 ! 1) and overtones (0 ! 2) that were observed with IR spectroscopy. However, while the Al-D complex had one stretch-mode peak, the Al-H complex showed two peaks (Fig. 1) .
To explain the unusual splitting of the Al-H stretch mode, it was postulated that the Al-H stretch-mode frequency was nearly resonant with a combination of lowfrequency modes [11] , similar to a Fermi resonance [12] [13] [14] . The anharmonic interaction between the Al-H stretch mode and the ''combination mode'' would cause the states to hybridize and repel each other. Each state would then contain a stretch-mode component and a combinationmode component. Since the combination mode is nearly IR inactive, the IR absorption intensity provides a measure of each state's stretchlike character. This model was supported by measurements under hydrostatic pressure, which showed an avoided crossing between the two modes [11] .
The frequencies of the unperturbed combination mode and stretch mode were estimated to be 1611 and 1613 cm À1 , respectively. However, the identity of the combination mode has remained a mystery.
To address this problem, in the present work, firstprinciples calculations were performed [15] to determine the vibrational frequencies of Al-H complexes in AlSb:S, AlSb:Se, and AlSb:Te. To simulate the local environment of the defect, an Al 31 Sb 35 H 58 cluster was used, where the H atoms terminated dangling bonds at the surface [16] . The minimum Al-Sb distances of the relaxed cluster correspond to a lattice constant of 6.35 Å . One Sb atom was then replaced by a group-VI donor, and an H atom was inserted into the antibonding location. Density functional theory with the Becke three-parameter hybrid functionals [17] was used as the method of calculation. The Los Alamos National Laboratory 2-double-zeta basis set was used; this set assigns Dunning-Huzinaga valence double-zeta functions to H atoms [18] and the Los Alamos effective core potential plus double-zeta basis set to the heavier atoms [19] . The geometry was fully relaxed. Upon relaxation, the Al atom moved 1 Å from its substitutional site, along the [111] direction, such that it was nearly coplanar with the 3 Sb atoms (Fig. 1 ). The calculated Al-H distance was 1.64 Å .
Normal-mode frequencies were calculated within the harmonic approximation from the analytical second derivatives of the energy with respect to the nuclear coordinates. The calculated stretch-mode frequencies were 1665.4 (AlSb:S,H), 1655.0 (AlSb:Se,H), and 1648:5 cm À1 (AlSb:Te,H). These values are in reasonable agreement with experimental results for AlSb:Se,H and AlSb:Te,H stretch modes, observed at 1612.9 and 1599:0 cm À1 , respectively [8] . The calculated wag-mode frequencies were 640.1 (AlSb:S,H), 641.2 (AlSb:Se,H), and 639:2 cm À1 (AlSb:Te,H); i.e., the donor species did not affect the wag mode to within the errors of the calculations [20] . That result is also in agreement with experiment, which measured the AlSb:Se,H and AlSb:Te,H wag modes at 665.7 and 665:0 cm À1 , respectively [8] . The insensitivity to donor species arises from the fact that the H atom resides in an antibonding location, well isolated from the donor impurity.
In addition to the stretch and wag modes, the defect had lower-frequency modes that could not be separated from the vibrational modes of the cluster. To isolate the defect modes, all atoms other than the Al-H pair were ''frozen'' by assigning them masses of 10 000 amu. This approach only altered the stretch and wag modes by a few cm À1 (Table I ). The lowest-frequency mode at 168 cm À1 corresponds to longitudinal motion of the Al-H quasimolecule, where the Al and H atoms oscillate in phase along the [111] direction. The next lowest frequency, 269 cm À1 , is a doubly degenerate transverse mode, involving in-phase motion in the [111] plane. Since both of these modes fall below the spectral range of the IR spectroscopy in Ref. [8] , they cannot be compared with experiment directly. The small isotope shifts for the transverse and longitudinal modes are due to the fact that Al and H oscillate in phase such that the mass of the H atom has little effect on the frequency.
For each frequency, the normal-mode displacements and reduced mass () were calculated. To account for anharmonic effects, the total energy was calculated numerically as a function of the normal-mode coordinate for the stretch and wag modes. The anharmonic parameters were assumed to be the same for D as for H. For the stretch mode, the calculated energies were fit by a Morse potential [21, 22] , shown by the solid line in Fig. 2 . The fundamental stretchmode frequency is given by
where ! e is the harmonic component and 2! e x e is the anharmonic correction. , or x-y, plane. Here the origin is centered on the Al-H bond, and the þy axis is defined to point away from one of the three neighboring Sb atoms. The energy was calculated for normal-mode displacements along the x and y directions, denoted Q x and Q y , respectively. The potential is given by [23, 24] Vðx; yÞ ¼
where quartic and higher-order terms have been omitted. The parameters k and B were adjusted using the method of least squares, resulting in the solid lines in Fig. 2 . The wagmode frequencies were calculated using second-order perturbation theory (Table II) [25] . The calculated anharmonicity is small, resulting in a split of less than 1 cm À1 between the two overtone modes. The anharmonic interaction between the A 1 mode and the stretch mode, neglected in the calculations, would push ! 2 ðA 1 Þ downward in frequency. Such an interaction would not affect the E mode. Therefore, we assign the higher frequency to ! 2 ðEÞ. This assignment is consistent with the experimental observation that ! 2 ðEÞ is almost exactly twice ! 1 ðEÞ. The calculated frequencies provide an important clue about the identity of the combination mode that interacts resonantly with the Al-H stretch mode. As shown in Table II , the observed mode at 1333 cm À1 is assigned to ! 2 ðEÞ. The transverse mode also has E symmetry. We propose that the combination mode is a wag-mode overtone plus a transverse-mode fundamental. This combina- 
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135502-2 tion mode is represented by E E ¼ A 1 È A 2 È E. The A 1 component can interact anharmonically with the stretch mode, which also has A 1 symmetry. The anharmonic term that causes this coupling is given by
where Q xt and Q yt are the transverse-mode coordinates and Q z is the stretch-mode coordinate. The transverse mode should have a frequency of 278 cm À1 , so that the combination mode has the correct frequency 1333 þ 278 ¼ 1611 cm À1 . This experimentally inferred value for the transverse mode is close to the calculated frequency of 269 cm À1 . Our assignment for the combination mode also explains why the Al-D stretch mode does not split. As shown in Table I , the transverse mode shifts downward by 1 cm À1 when D is substituted for H. Hence, the Al-D combination mode should lie at 957 þ 277 ¼ 1234 cm À1 , which is far above the Al-D stretch mode (1164 cm À1 ). Since it is off resonance, the Al-D stretch mode does not interact significantly with the combination mode and therefore does not exhibit any splitting. Other combination modes also do not interact resonantly with the stretch modes.
The resonant interaction between the Al-H stretch mode and the combination mode has a profound effect on the spatial extent of the vibrational excitation. The localization of the combination mode is qualitatively different than that of the stretch mode. Since the stretch (and wag) modes have frequencies above the phonon band, they are localized in real space. The transverse mode, however, lies in the forbidden phonon gap. ''Gap modes'' are more extended than LVMs and involve the oscillation of many neighboring atoms [22, 26, 27] . In general, only crystals composed of atoms with different masses (e.g., AlSb or GaP) have a forbidden phonon gap.
To investigate the degree of localization quantitatively, vibrational modes were calculated using a spring-and-mass model. The AlSb:Se crystal was simulated by a 216-atom cell with periodic boundary conditions; the positions of Al and H were obtained from our first-principles calculations. Nearest neighbors interacted via stretching and bending force constants [28, 29] . The Al-Sb force constants were adjusted to simulate the AlSb phonon dispersion determined from ab initio calculations [30] and neutron scattering experiments [31] . The force constants between the displaced Al atom and its nearest neighbors were adjusted to match the experimental wag and stretch frequencies.
The results of the spring-and-mass model are shown in Figs. 3 and 4 . The vibrational density of states (Fig. 3) shows gap modes that correspond to the transverse and longitudinal Al-H modes. Wag and stretch modes, not shown in the figure, were also present. Figure 4 shows the atomic displacements as a function of distance from the H atom. The wag and stretch modes are highly localized, with essentially no atomic motion for distances greater than 10 Å . The transverse mode, in contrast, exhibits atomic displacements several orders of magnitude greater.
In conclusion, we identified a candidate for the combination mode that interacts resonantly with the Al-H stretch mode in AlSb:Se. This combination mode, a wag-mode overtone plus a transverse-mode fundamental, has a frequency that is nearly equal to that of the Al-H stretch mode, leading to a resonant interaction. Unlike a Fermi resonance, which involves two local modes, this interaction involves a localized and an extended mode. The spatial extent of the resultant vibrational states is significantly greater than that of an LVM. It is conceivable that such quasiparticles, which exist midway between phonons and localized states, will be discovered in a range of condensed-matter systems.
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